Kober OI, Ahl D, Pin C, Holm L, Carding SR, Juge N. ␥␦ T-cell-deficient mice show alterations in mucin expression, glycosylation, and goblet cells but maintain an intact mucus layer.
intestinal intraepithelial lymphocytes; T cell receptor-␥␦; mouse mucin THE MAMMALIAN GASTROINTESTINAL (GI) tract contains a dynamic community of trillions of microorganisms (25) . These microorganisms establish a symbiotic relationship with the host, making essential contributions to mammalian metabolism while occupying a protected, nutrient-rich environment (40) . However, the close association of a dense bacterial community with intestinal tissues poses a serious risk to the host. Several immune mechanisms must work in concert to limit commensals exposure to the epithelial surface (25) .
Mucus covering the GI tract forms the first line of immune defense, providing a barrier through the secretion of mucins, antimicrobial proteins (AMPs) and immunoglobulin A (IgA). The thickness of the mucus layer varies along the GI tract, correlating with the microbial burden found in the respective GI regions (21) . The mucus layer is composed of two layers: a firm inner layer and a loose outer layer (2) . In the colon, the firmly attached stratified inner layer has been shown to exclude a majority of the bacteria, whereas the loose outer layer serves as a habitat for the intestinal commensal microbiota (13, 36) . The secreted mucins are continuously produced by specialized goblet cells that are found in large numbers in the intestinal epithelium (37, 38) . Muc2 is the most abundantly expressed secretory mucin in the colon and the small intestine (SI) and constitutes the structural component of the mucus layer. The importance of the mucus barrier stemmed from studies showing that mice deficient in Muc2 develop spontaneous chronic intestinal inflammation (36, 63) . In addition, missense mutations in the Muc2 gene, leading to aberrant Muc2 oligomerization and glycosylation, result in decreased barrier function leading to ulcerative colitis (UC)-like chronic inflammation in mice (23) , which resembles the morphological and inflammatory changes observed in inflammatory bowel disease (IBD). Both secreted and cell-surface mucins provide a barrier to potential pathogens (44) . Deficiency in the Muc1 cell-surface mucin predisposes mice to intestinal infection (42) . Mice deficient in cell-surface Muc13 develop more severe acute colitis in response to dextran sodium sulfate (DSS) (57) . Mucins are decorated with a dense array of complex O-linked carbohydrates assembled by the sequential action of glycosyltransferases (GTs). The synthesis of mucin oligosaccharides starts with the transfer of N-acetylgalactosamine (GalNAc) to serine (Ser) or threonine (Thr) residues of the mucin core. The oligosaccharides may be extended with galactose (Gal), Nacetylglucosamine (GlcNAc), GalNAc, fucose, or sialic acid (Neu5Ac) (45) . Aberrant intestinal mucin expression or glycosylation are also associated with chronic inflammation or colon cancer in humans (56) and susceptibility to colitis in mouse models (1, 17, 59) . These studies show that a functional mucus layer is essential to maintain an homeostatic relationship with the microbiota and that changes in mucin biosynthesis may disrupt this protective role. In addition, several pathogens have evolved specific strategies for penetrating mucus to gain access to the epithelial cell surface (44) .
A second level of immune protection is provided by a large population of intraepithelial lymphocytes (IELs), with one IEL for every 5-10 epithelial cells (14) . IELs bearing the ␥␦ T cell receptor are strategically intercalated between epithelial cells on the basolateral side of the intestinal tight junction barrier and thus ideally positioned to defend against invading bacteria. Although ␥␦ IELs constitute the majority of IELs, up to 60% of IELs in the SI (7) , their functions remain poorly understood. Some studies have shown that ␥␦ IELs contribute to the progression of immune-mediated colitis (46, 47) ; other data suggested that ␥␦ IELs contribute to epithelial restitution following injury (6, 28, 39) by secreting keratinocyte growth factor (KGF) (5, 6) and AMPs (29, 30) during the inflammatory response. The role of ␥␦ IELs in promoting barrier maintenance has been demonstrated by using DSS-treated mice deficient in ␥␦ T cells, TCR␦ Ϫ/Ϫ (11, 28, 30) . Analysis of TCR␦ Ϫ/Ϫ mice indicated that ␥␦ T cells are essential for controlling mucosal penetration of commensal bacteria immediately following DSS-induced damage, suggesting that a key function of ␥␦ IELs is to maintain host-microbial homeostasis following acute mucosal injury (29) . ␥␦ T cells were shown to regulate epithelial regeneration through coordinate expression of genes involved in immunoregulation, inflammatory cell recruitment, and antibacterial factors in response to commensal bacteria (microbiota) (29) . In the SI, the response of ␥␦ T cells to the microbiota was not only observed in the context of mucosal injury, but also during homeostasis (30) . The intestinal microbiota was shown to induce the expression of antimicrobial factors, including antibacterial lectin RegIII␥ in SI ␥␦ T cells, promoting the spatial segregation of the microbiota from the host mucosal surface (62) . These studies highlighted a role of ␥␦ IELs as essential mediators of host-microbial homeostasis at the intestinal mucosal surface.
Whether ␥␦ T cells contribute to the maintenance of an intact mucus layer in a homeostatic environment and/or following mucosal injury is currently unknown. In this study we aim to shed light on the role of ␥␦ T cells in modulating mucus expression, organization, and glycosylation.
MATERIALS AND METHODS
General materials. All chemicals in this study were purchased from Sigma-Aldrich, unless otherwise specified. The water used in this study was deionized and ultrapure to a resistance of 18.2 M⍀/cm (Barnsted Nanopure Diamond). All imaging in this study was performed on a Carl Zeiss light microscope.
Animals. C57Bl/6J wild-type (Harlan Labs) and B6.129P2-Tcrd tm1Mom (TCR␦ Ϫ/Ϫ ; Jax Laboratories) mice were bred and maintained at a conventional animal unit at the University of East Anglia. All animals were specific pathogen-free and had access to a standard mouse diet and water ad libitum. For all studies, 10-to 20-wk-old, age-and sex-matched mice were used. C57BL/6 mice were used as wild-type controls. TCR␦ Ϫ/Ϫ mice were used as our immune celldeficient mouse model that has a neomycin-targeted deletion of 4 kb of the C␦ region (32) . All animal experiments were conducted in full accordance with the Animal Scientific Procedures Act 1986 under Home Office approval. The animal experiments conducted at Uppsala University were approved by the Swedish Laboratory Animal Ethical Committee in Uppsala and were conducted in accordance with guidelines of the Swedish National Board for Laboratory Animals.
Induction and assessment of colitis. Colitis was induced by giving 2.5% DSS (wt/vol, molecular mass 35-50 kDa; MP Biomedicals) in drinking water to age-matched male mice for 7 days. The severity of colitis was assessed daily on the basis of clinical parameters such as stool consistency, fecal blood content (detected with a Hemoccult kit; POCT, Angus, UK), and weight loss. These clinical parameters were scored daily with the use of the disease activity index, a scoring method described in detail by Cooper et al. (9) . Colon length was measured macroscopically with a millimeter ruler on the final day of the study, as a further measure of severity of colitis. For histological examination, samples of the distal colon were fixed in 10% formalin, processed, and embedded in wax. Sections (5 m) were stained with hematoxylin-eosin and blindly scored to assess epithelial injury [scores 0 -3; 0 no injury, 1 focal injury, 2 multifocal injury (Ͼ2 areas), 3 diffuse injury (Ͼ50% of the circumference)]. For each animal, three sections of the distal colon region were scored.
Periodic acid-Schiff and Alcian blue staining. Acidic mucins were stained with 1% Alcian blue in 3% acetic acid (pH 2.5) for 15 min, followed by two washes in still tap water. Sections were treated with 0.5% periodic acid for 5 min, followed by a further two washes in still tap water. Neutral mucins were stained with Schiff's reagent for 10 min. Tissue sections were washed thoroughly in still tap water. Nuclei were counterstained with hematoxylin. The number of goblet cells per crypt was calculated from an average of 10 crypts per tissue section, for 7 mice. Average crypt lengths (m) were calculated in a similar manner.
Organoid culture and treatment. Small intestinal organoids were cultured as previously described (52) . Briefly, small intestinal crypts were separated from the epithelium (2 mM EDTA) and cultured in a Matrigel matrix plated out in 24-well tissue culture plates. The complete organoid growth medium (DMEM/F12, Pen/strep, N-acetyl cysteine, EGF, B27, N2, Noggin, R-Spondin 1, and Glutamax) was replaced every 3 days, and confluent organoids were passaged every 7 days. Organoids were stimulated with 100 ng/ml recombinant human KGF (Peprotech) in organoid culture medium for 24 h. Average crypt depth and Muc2-positive goblet cells were calculated for 30 crypts per mouse, for three WT mice and three TCR␦ Ϫ/Ϫ mice. Average number of crypts per organoids was calculated for 10 organoids per mouse for three WT mice and three TCR␦ Ϫ/Ϫ mice. In vivo mucus thickness measurements. Mucus thickness measurements were performed in the Department of Medical Cell Biology at the University of Uppsala, Sweden. Mucus thickness was measured in five separate areas by using a glass micropipette connected to a micromanipulator (Leitz, Wetzlar, Germany) with a digimatic indicator (IDC Series 543, Mitutoyo, Tokyo, Japan), at an angle of 30 -35°t o the cell surface. Briefly, the mice were continuously anesthetized with inhalation gas (2.2% isoflurane, 40% oxygen, and 60% nitrogen) and the body temperature was maintained at 37-38°C. The ileum/ distal colon was exteriorized and placed over a truncated cone. A mucosal chamber was fitted over the intestine, exposing the mucosa through a hole in the chamber. The luminal surface of the mucus gel was visualized by placing graphite particles (activated charcoal, extra pure, Merck, Darmstadt, Germany) on the gel, and the ileum/distal epithelial cell surface was visible through the stereomicroscope (Leica MZ12, Leica, Heerbrugg, Switzerland). Mucus thickness was measured from the charcoal particle surface to the easily identified surface of the colonic epithelium or to the surface of the epithelium between the villi in the ileum, as previously reported (2) . Following measurement of the total mucus thickness, the loose mucus layer was removed by gentle suction. The firm mucus layer was measured immediately following suction. Readings were repeated after 60 min. The mucus thickness (T) was then calculated via the formula T ϭ l ϫ sin a, where l is the measurement made and a is the angle of measurement. Ileum and distal colon mucus thickness was measured in the two groups of mice.
Total RNA extraction. Small intestine and colon epithelial scrapes from C57BL/6 or TCR␦ Ϫ/Ϫ mice were solubilized in TRI Reagent. RNA was phase separated through the addition of chloroform. After centrifugation, RNA was suspended in isopropanol and centrifuged further. The pellet was rinsed in 70% ethanol and centrifuged, before being resuspended in RNase-free water. Total RNA was extracted from organoids by using the RNeasy Mini kit (Qiagen, West Sussex, UK), following the manufacturer's instructions. DNase I treatment and RNA cleanup was performed by using the RNase-free DNase Set and RNeasy Mini kit (Qiagen), following the manufacturer's instructions. The purity, integrity, and quantity of RNA was analyzed by use of a NanoDrop ND-1000 and a 2100 Bioanalyzer (Agilent Technologies).
Quantitative PCR. Total RNA was used to generate cDNA using the Qiagen QuantiTect reverse transcription kit. The quantitative RT-PCR (qRT-PCR) was performed by use of the Qiagen QuantiFast SYBRr Green PCR kit and run in an ABI7500 TaqMan thermocycler. All samples were run in triplicate or, where possible, quadruplicate for each gene tested. The results were analyzed using the TaqMan SDS system software and Microsoft Excel. Results are representative of the relative quantitation to 18S RNA by using the formula 2
Ϫ⌬Ct . Primers for the target genes tested are shown in Table 1 . Alignment and suitability of the primers were checked with http://www.ncbi.nlm.nih. gov/tools/primer-blast/index.cgi?LINK_LOCϭBlastHome.
The primers used for Muc gene expression were designed based on sequences reported in http://www.medkem.gu.se/mucinbiology/ databases/db/Mucin-mouse.htm.
Ninhydrin colorimetric assay. Sialic acid concentration in tissue samples was determined as previously described (65) . SI and colon mucus scrapes were collected from C57BL/6 and TCR␦ Ϫ/Ϫ mice and immediately frozen on dry ice. Samples were diluted in water to 1 mg/ml, and 333 l of each sample and standard was mixed with 333 l glacial acetic acid and 333 l acidic ninhydrin solution, vortexed, and briefly centrifuged to collect the sample at the bottom of the tube. Samples and standards were boiled for 10 min before cooling under a cold stream of water. All samples and standards were briefly centrifuged and transferred to cuvettes. The absorbance at 470 nm was immediately measured with a Hitachi spectrophotometer. Sample concentration was calculated against the sialic acid standard curve.
Alkaline borohydrate colorimetric assay. O-glycan concentration in tissue samples was determined as previously described (10), and 100 l of each sample and standard was mixed with 120 l alkaline 2-cyanoacetamide reagent and boiled at 100°C for 30 min. To this 1 ml of 0.6 M borate buffer was added, vortexed, and briefly centrifuged. Each standard and sample was added to an opaque 96-well plate in triplicate and fluorescence was measured at ϭ 420 nm, with an excitation of ϭ 320 nm, by use of a plate reader. Sample concentration was estimated against the N-acetylgalactosamine standard curve.
Statistical analyses. Statistical analyses of all experimental data, except the responses of organoids to KGF, were performed by Student's t-test. The effect of the experimental conditions on the measured response in cultured organoids, i.e., crypt depth (in m), number of crypts per organoid or number of goblet cells per crypt, was evaluated by using a nested model with fixed effects. The model comprised four factors: the experimental trial with three levels corresponding to each of the three replicated experiments; the mouse strain with two levels, WT and TCR␦ Ϫ/Ϫ , the sampling time with two levels, 0 and 24 h, and the treatment, which was nested with time, with two levels, none in control cultured organoids or KGF added in stimulated organoids. The random error of the crypt depth was assumed to have a normal distribution, N(0,), whereas the error of both the number of crypts per organoid or number of goblet cells per crypt was assumed to have a Poisson distribution. The logarithmic transformation of the modeled quantities was required in all cases to homogenize the variance of the crypt depth and to linearize the models for the number of crypts per organoid or number of goblet cells per crypt. The effect of the experimental factors was considered significant if the P value associated to the value of the 2 statistic was smaller than 0.05. Models were fitted by using the "genmode" procedure of the statistical package SAS 9.3.
RESULTS

TCR␦
Ϫ/Ϫ mice have altered goblet cell numbers and crypt depths compared with C57BL/6 WT mice. As reported earlier (6, 38) , TCR␦ Ϫ/Ϫ mice showed increased susceptibility to DSS-induced colitis compared with WT mice (Fig. 1) . TCR␦ Ϫ/Ϫ mice rapidly developed severe colitis (Fig. 1, A and  B) , had significantly shortened colons (Fig. 1C) , and displayed increased epithelial injury in response to the 2.5% DSS treatment for 7 days (Fig. 1D) , compared with WT mice. To investigate whether alterations in the mucus of TCR␦ Ϫ/Ϫ mice may contribute to their increased susceptibility to DSS-induced colitis, the morphology of intestinal crypts and frequency of mucin-filled goblet cells was first determined in WT and TCR␦ Ϫ/Ϫ mice by periodic acid-Schiff and Alcian blue staining ( Fig. 2A) . There was a marked decrease in the number of mucin-filled goblet cells per crypt in the SI (P ϭ 0.024) of TCR␦ Ϫ/Ϫ mice (Fig. 2B ) whereas a significant increase was observed in the colon (P ϭ 0.0048), compared with WT mice (Fig. 2B) . The data correlate with decreased crypt depth in the SI (P ϭ 0.036) and increased crypt depth in the colon (P ϭ 0.044) of TCR␦ Ϫ/Ϫ mice compared with WT mice (Fig. 2C) . The latter is unlikely to be due to differences in cell proliferation since immunostaining with anti-Ki-67 (Fig. 2D) , an antibody directed against proliferating cells, showed a significant increase in proliferating cells in the SI (P ϭ 0.02) of TCR␦ Ϫ/Ϫ mice, but similar abundance in the colon, compared with WT mice (Fig. 2E) . Following 2.5% DSS treatment for 7 days, TCR␦ Ϫ/Ϫ mice showed a significant reduction in mucinfilled goblet cells (P ϭ 0.03) in the distal colon compared with WT mice (Fig. 3A) . The model of acute DSS-induced colitis used in our studies did not cause inflammation in the SI in both groups of mice (histological scores of 0; data not shown). Consistent with mucin-filled goblet cell counts, Muc2 protein fluorescence staining of distal colon tissue sections was reduced in DSS-treated TCR␦ Ϫ/Ϫ mice compared with DSStreated WT mice (Fig. 3B) . TCR␦ Ϫ/Ϫ mice display an apparent intact mucus layer. To determine whether the lack of ␥␦ T cells and the resulting alteration in goblet cell numbers may impact on the architecture and thickness of the mucus layers of TCR␦ Ϫ/Ϫ mice, mucus measurements were performed in vivo in the ileum and distal colon of WT and TCR␦ Ϫ/Ϫ mice (Fig. 4) . The intestinal mucus layer was visualized by the addition of charcoal to the exposed surface. The total mucus layer thickness, as measured with micropipettes, was found to be 56 Ϯ 14 m (n ϭ 8) and 53 Ϯ 9 m (n ϭ 7) in the ileum of WT and TCR␦ Ϫ/Ϫ mice, respectively. Total mucus thickness in the distal colon of WT and TCR␦ Ϫ/Ϫ mice was found to be 135 Ϯ 21 m (n ϭ 6) and 194 Ϯ 59 m (n ϭ 8), respectively. The loose mucus layer could be easily aspirated, showing that TCR␦ Ϫ/Ϫ mice possess a distinct outer mucus layer, as shown for WT mice, leaving a thin firmly adherent ileum layer of 23 Ϯ 2 m and distal colon layer of 34 Ϯ 2 m, compared with 20 Ϯ 1 m and 41 Ϯ 6 m in WT mice, respectively. These results indicate that both firm and loose mucus layer thickness is similar in WT and TCR␦ Ϫ/Ϫ mice. Regeneration of the loose mucus layer occurred over a 60-min period following removal of the loose layer, as reported earlier in the ileum and colon of rats, mice, and human explants (2, 20, 48) . The thickness of the firm mucus layer was measured at the end of the regeneration process and found to be maximally 6.6 m different to initial ileum and colon firm mucus thickness, confirming that the procedure did not impact on the integrity of the mucus architecture. These data indicate that the gross molecular organization of the mucus layer is similar in WT and TCR␦ Ϫ/Ϫ mice. Similarly, no changes in the concentration of mucus-associated IgA were observed between the two groups of mice (data not shown).
TCR␦ Ϫ/Ϫ mice display altered mucin expression and glycosylation. Secreted and cell-surface mucins are the main glycoproteins found in the intestinal mucus barrier. Mucins are decorated with a dense array of complex O-linked carbohydrates assembled by the sequential action of GTs. To further investigate potential variation in mucus composition in TCR␦ Ϫ/Ϫ mice, O-glycan and sialic acid concentrations were determined biochemically from mucus of the SI and colon of both groups of mice. This analysis revealed that the amount of sialic acid was significantly lower in TCR␦ Ϫ/Ϫ mice in both the SI (P ϭ 0.047) and the colon (P ϭ 0.031) (Fig. 5A) , compared with WT mice, whereas no significant changes were observed in the amount of O-linked oligosaccharide chains between the two groups of mice (Fig. 5B) . The O-glycan structures present in mucin consist predominantly of core 1-4 mucin-type O-glycans containing GalNAc, Gal, and GlcNAc (45) . In humans, the majority of colonic mucin glycans terminated with Neu5Ac are made up of core-3 and core-4 structures (18, 24, 51) , Mucin-filled goblet cell counts and crypt depth measurements in the small intestine (SI) and colon (C) of TCR␦ Ϫ/Ϫ and WT mice. SI and colon tissue of WT and TCR␦ Ϫ/Ϫ mice (n ϭ 7) was stained with periodic acid-Schiff and Alcian blue (PAS/ AB) (A). Average mucin-filled goblet cell (arrow indicates mucin-filled goblet cell) number (B) and crypt depth (C) were calculated from 10 crypts per mouse tissue, for 7 mice. SI and colon tissue of WT and TCR␦ Ϫ/Ϫ mice (n ϭ 3-5) was stained with anti-Ki67 (D) and the percentage of proliferating cells was determined from this (E). Magnification, ϫ400; scale bars, 50 m. *P Ͻ 0.05; **P Ͻ 0.01. whereas murine colonic mucins are characterized by core-1 and core-2 structures with only low amounts of core-3 and core-4 type glycans (31, 61) . In the human SI, the main mucin core structure is core-3, whereas in murine SI mucins core-1 and core-2 glycan structures predominate (24, 27, 60) . These core structures are further elongated and frequently modified by fucose or sialic acid residues (4). Each sequential step is catalyzed by different GT isozymes (49) . We analyzed expression of GT genes involved in the synthesis of the main core structures (C1GalT1, C1GalT2, C2GnT1, C2GnT2, C2GnT3, and C3GnT) and sialyltransferases (STs) involved in chain elongation (ST3Gal-I, ST3Gal-III, ST3Gal-IV, ST3Gal-VI, ST6Gal-I, ST6Gal-II, ST6GalNAc-I, and ST6GalNAc-II), by qRT-PCR. In mouse, C1GalTs, C2GnT1, C2GnT2, and C3GnT1 are expressed in the colon, whereas C1GalTs, C2GnT1, C2GnT3, and low amounts of C3GnT1 are found in the SI (58, 64, 66) . Our analysis showed that core-1 C1GalT1 and C1GalT2 displayed the highest GT expression levels, albeit not significantly different between the two groups of mice (data not shown), in agreement with the increased proportion of core 1 structures (31, 61). Significant differences in gene expression between WT and TCR␦ Ϫ/Ϫ mice were observed for core-2 C2GnT1 and core-3 C3GnT. In the SI tissue, C2GnT1 (P ϭ 0.00013) and C3GnT (P ϭ 0.045) gene expression was significantly lower in TCR␦ Ϫ/Ϫ mice compared with WT mice (Fig. 6A) . In the colon, GT gene In vivo mucus measurements in the ileum and distal colon of TCR␦ Ϫ/Ϫ and WT mice. Mucus thickness (n ϭ 7) was measured in vivo using a micropipette connected to a micromanipulator. Total mucus thickness (Total) indicates the thickness of the firm and loose layer. After removal of the loose layer, firm layer thickness was immediately measured (Firm 1). The mucus layer was allowed to regenerate and measured (60 min). The firm mucus layer was measured again after a second removal (Firm 2) to confirm its steady state. expression was similar between the two groups of mice (data not shown).
Next, we measured the mRNA expression of the main intestinal mucins, Muc1, Muc2, Muc3, Muc4, Muc5ac, Muc6, Muc12, Muc13, Muc17, and Muc19, in the colon and SI of TCR␦ Ϫ/Ϫ and WT mice. The secreted Muc2 mucin and the membrane-bound Muc13 and Muc17 mucins are the major mucins expressed in the intestine under normal physiological conditions in humans and mice (34, 38) . In agreement with this, the Muc2 and Muc17 mucins were the most highly expressed in both the SI and colon of both groups of mice. There were significant differences in mRNA expression of the secreted gel-forming Muc2 and the membrane-bound Muc3, Muc4, Muc13, and Muc17 between WT and TCR␦ Ϫ/Ϫ mice. In the SI, significantly higher gene expression of Muc2 (P ϭ 0.024), Muc3 (P ϭ 0.048), and Muc17 (P ϭ 0.034) was observed in TCR␦ Ϫ/Ϫ mice compared with WT mice (Fig. 6B ). In the colon, significantly higher gene expression of Muc3 (P ϭ 0.0043), Muc4 (P ϭ 0.047), and Muc13 (P ϭ 0.016) was shown in TCR␦ Ϫ/Ϫ mice compared with WT mice (Fig. 6B ). Taken together these findings suggest a role for ␥␦ T cells in the regulation of mucin expression. Whether this is due to mediators of ␥␦ T cells that directly or indirectly promotes mucin biosynthesis requires further investigation. TCR␦ Ϫ/Ϫ SI crypt organoid cultures support the role of ␥␦ T cells in modulating the epithelium. To investigate the possible mechanisms leading to reduced goblet cell numbers and altered mucin expression levels in the SI of TCR␦ Ϫ/Ϫ mice, and to uncouple the potential impact of ␥␦ T cells on intestinal crypts in WT mice, SI crypts were isolated from WT and TCR␦ Ϫ/Ϫ mice and maintained in Matrigel culture for 61 days. Budding crypts and the central lumen of the organoid structures consist of a single layer of polarized epithelial cells, in agreement with previous reports (52) . The growth pattern of TCR␦ Ϫ/Ϫ SI crypts was similar to that of WT SI crypts (Fig. 7,  A and B) . SI crypts for fluorescence staining were cultured for 4 days to produce organoids composed of numerous newly formed crypts that could be characterized on the basis of differentiation and integrity markers. Similar phenotypic characteristics were observed between the two groups of mice ( the intestinal mucosa (6) . KGF causes an increase in goblet cell number in the rat intestine (15, 26) . Thus we investigated whether WT and TCR␦ Ϫ/Ϫ SI organoids would respond to KGF in a similar manner.
The overall analysis of the experimental conditions on the measured organoid response (Fig. 8A) showed that all responses, i.e., crypt depth (Fig. 8B) , number of crypts that make up an organoid (Fig. 8C) , and the number of Muc2-positive goblet cells per crypt (Fig. 8D) , increased significantly (P Ͻ 0.001) in crypts cultured for 24 h with KGF added into the growth medium whereas no significant effect of the mouse strain, sampling time, or experimental trial was observed in any case. These results are consistent with the responses observed in rat tissue (15, 26) , and the phenotype observed in WT tissue (Fig. 2) , supporting the functional role of KGF in vivo. Furthermore, goblet cell distributions changed in response to KGF stimulation, with goblet cells being located not just in the lower third of the crypt, but distributed along the entire crypt depth. The average factor (2.2) by which the crypt depth increased when cultured with KGF (Fig. 8B) was very similar to the average factor (2.1) by which the goblet counts increased (Fig.   8D ), which may suggest that the increase in the number of goblet cells may be the consequence of the increase in the overall number of cells in larger crypts, and thus KGF may be involved in crypt size development without affecting crypt structure. The rapidity (24 h) of the observed response is in accordance with the cell cycle time of the SI crypt proliferating zone being 9 -13 h (50). These findings support a role of KGF-producing cells, which include ␥␦ T cells, in modulating crypt and mucus properties, consistent with the exacerbation of the impact of DSS-treatment in the absence of the ␥␦ T cell-signaling pathway in TCR␦ Ϫ/Ϫ mice.
DISCUSSION
In accordance with previous studies (6, 38) , TCR␦ Ϫ/Ϫ mice were found to be more susceptible to DSS-induced colitis than WT mice. It has been shown that ␥␦ T cells aid in the limitation of opportunistic penetration of commensal bacteria across the mucosal surface, a phenomenon seen at early time points of injury by DSS-induced colitis (29) . ␥␦ IEL activation appears to be dependent on epithelial cell-intrinsic MyD88, a key mediator of microbial-host cross talk, suggesting that epithelial cells supply microbial cues to ␥␦ IELs (16) . Given the role played by the mucus layer in limiting bacterial penetration, we hypothesized that ␥␦ T cells may reinforce mucus barrier function, thereby decreasing the likelihood of detrimental tissue invasion.
Goblet cell depletion is a characteristic feature of many forms of infectious and noninfectious colitis, particularly UC, although it is not known whether it is a cause or consequence of inflammation (43) . Depletion can occur due to decreases in goblet cell number, decreases in mucin biosynthesis, and/or increases in mucin secretion not matched by increased biosynthesis. Our results suggest that goblet cell depletion contributes to the more severe inflammation seen in mice lacking ␥␦ T cells during colitis. Additionally, analysis of in vivo mucus thickness revealed that firm and loose mucus thickness is similar in TCR␦ Ϫ/Ϫ and WT mice, despite differences in goblet cell numbers, which may suggest an alteration in the rate of mucus production or secretion. Expression analysis of the intestinal mucin and core GT genes showed major differences occurring in the SI of TCR␦ Ϫ/Ϫ mice compared with WT mice. This highly altered SI phenotype, compared with the colon, could be associated with the higher abundance of IELs in the SI [1 IEL for every 10 intestinal epithelial cells (IECs)] compared with the large intestine (1 IEL for every 40 IEC) (3) .
The addition of O-glycans is a posttranslational modification characteristic of secreted and membrane-bound mucins. Mucin glycosylation is characterized by common core structures, which are variously elongated and terminated, comprising the basis for structural diversity of glycans. Two of the most common mucin-type O-glycans in mouse intestinal mucins are based on the core-1 and core-2 structures (31, 61) . Here C1GalT1 and C1GalT2 were most highly expressed in both groups of mice. Expression of both C2GnT1 and C3GnT was found to be downregulated in the SI of TCR␦ Ϫ/Ϫ compared with WT mice. Furthermore, mucin sialylation was affected in 
TCR␦
Ϫ/Ϫ mice. However, this change did not correlate with changes in gene expression, as expression levels of the STs were similar. The STs constitute a family of ϳ20 members (22) . For O-linked mucin glycans, each tissue expresses one or more of the ST3Gal I/II and the ST6GalNAc I-VI enzymes that form the NeuAc␣2-3Gal␤1-3 (NeuAc␣2-6)GalNAc␣Thr/Ser sequence, the most common O-linked glycan (8) . Rather than displaying a differential regulation in ST expression, the change in mucin sialylation observed in TCR␦ Ϫ/Ϫ mice compared with WT mice may instead be the result of altered bacterial colonization in TCR␦ Ϫ/Ϫ mice. ␥␦ IELs of the SI have been shown to produce innate antimicrobial factors in response to resident bacterial "pathobionts" that penetrate the intestinal epithelium (29) . Such a response is reduced in TCR␦ Ϫ/Ϫ mice, allowing a different bacterial population to colonize the SI. Indeed gut bacteria, in particular pathogens, have evolved to utilize host sialic acids as a nutrient source (55) and a major strategy for colonization and pathogenesis of mammalian mucosal surfaces. Utilization of sialic acid by bacteria promotes bacterial survival in mucosal niche environments in several ways (41) . Determining the composition of the mucosa-associated microbiota in TCR␦ Ϫ/Ϫ mice compared with WT littermates will help assess the association between sialic catabolism and pathogenesis.
Numerous studies have described mucin abnormalities in IBD and cancer, in both animal models and patients. Significantly higher gene expression of gel-forming Muc2 was observed in the SI of TCR␦ Ϫ/Ϫ mice compared with WT mice. Muc2 is the most abundantly expressed secretory mucin in the intestine and is stored in bulky apical granules of the goblet cells that form the characteristic goblet cell thecae (19) . The mucin-containing granules can be secreted from the apical surface both constitutively and in response to a variety of stimuli. In addition, goblet cells can undergo so-called compound exocytosis, an accelerated secretory event resulting in acute release of central mucin granules (12) . Since ␥␦ T cells protect against the invasion of intestinal tissues by resident bacteria, specifically during the first few hours after a bacterial encounter (29) , increased bacterial translocation in TCR␦ Ϫ/Ϫ mice could trigger increased secretory activity of goblet cells, as recently reported in the case of colonic ischemia (35) . A higher mucin secretion rate could explain the normal mucus layer thickness and organization in TCR␦ Ϫ/Ϫ mice despite alterations in goblet cell numbers. The maintenance of an apparent intact mucus layer is consistent with previous studies reporting that the bacterial penetration in the TCR␦ Ϫ/Ϫ mice did not arise from increased nonspecific barrier permeability (29) . Muc13 and Muc17 mucins are the main membrane-bound mucins expressed in the intestine under normal physiological conditions (34, 38) . In the colon, significantly higher levels of membrane-bound Muc3, Muc4, and Muc13 mRNA were seen in TCR␦ Ϫ/Ϫ mice compared with WT mice. Muc13 has recently been shown to have a protective role in the colonic epithelium of mice with disruption or inappropriate expression of Muc13 gene predisposing to infectious and inflammatory disease and inflammation-induced cancer (57) . Upregulation of Muc13 gene expression may be an epithelial protective mechanism induced by the host in the absence of ␥␦ T cells. Our data also showed significantly higher levels of Muc17 mRNA in the SI of TCR␦ Ϫ/Ϫ mice compared with WT mice. In humans, this region of the membrane-bound mucin gene cluster has been implicated in genetic susceptibility to IBD (53) . Muc17 expression is lost in inflammatory and early and late neoplastic conditions in the colon (54) . In light of these findings, upregulation of Muc17 observed in TCR␦ Ϫ/Ϫ mice compared with WT mice may suggest a protective mechanism in the SI epithelium. The differential expression of mucin genes in the SI and colon of TCR␦ Ϫ/Ϫ may contribute to their increased susceptibility to DSS-induced colitis.
The differentiation, activation, and functional specialization of IELs are controlled by interactions with other cell types and soluble factors. In particular, activated but not resting ␥␦ T cells (5) can produce KGF, a unique feature of this T cell population (6) . It has been reported that intestinal ␥␦ T cells are activated in vivo to express KGF after DSS treatment and that intestinal epithelial cell proliferation is decreased in TCR␦ Ϫ/Ϫ mice following DSS treatment (6). Here we showed that KGF treatment can increase goblet cell numbers in organoid cultures from TCR␦ Ϫ/Ϫ mice, in line with previous reports showing an increase in goblet cell number and trefoil factor 3 (TFF3) protein expression in the rat intestine (15) . This new evidence shows that ␥␦ T cell-derived KGF could form a component in this protective mechanism.
␥␦ IELs are involved in the regulation of the mucosal microenvironment in response to intestinal disease, including IBD, celiac disease, graft-vs.-host disease, and parasite infection (14, 39) . However, the precise role of ␥␦ IELs remains controversial. Our data demonstrating that TCR␦ Ϫ/Ϫ mice showed alteration in mucin expression and glycosylation, and goblet cell numbers, suggest that the lack of ␥␦ IELs may compromise the nature of the mucosa-associated microbial community and/or the ability of the mucosa to cope with pathosymbionts, resulting in increased vulnerability to epithelial damage.
